We started by assessing the effects of genetic drift on the formation of cyanogenesis clines in the 1 3 3 absence of selection. We manipulated drift in two ways: (1) by imposing a gradient in the 1 3 4 carrying capacity of populations across the landscape, and (2) through serial founder events. Both scenarios were simulated independently and produced qualitatively similar results (figure 1 3 6 S1). We thus focus on drift scenario 1 (i.e. gradient in carrying capacity) and consider drift 1 3 7 scenario 2 in the online supplementary materials (methods: text S1; results: text S2, figures S1 to 1 3 8 S5, figure S7 ). In addition, we focus our results on cases where the initial frequency of dominant 1 3 9 alleles was 0.5, which resulted in the strongest clines, and consider the effects of initial allele 1 4 0 frequency in the electronic supplementary material (text S3, figure S6 and S7). The first scenario (i.e. gradient in carrying capacity) represents a case where clover populations 1 4 4 were initially similar but increased fragmentation associated with urbanization reduced urban 1 4 5 population sizes and increased the strength of drift. We imposed a gradient in the carrying 1 4 6 capacity (K) of populations across the landscape, thereby placing an upper-limit on the 1 4 7 population size (N , figure S8a ). Drift is expected to be strongest in smaller populations and this 1 4 8 method has been used in other simulations exploring the effects of drift, gene flow, and selection 1 4 9 on patterns of local adaptation [24] . We first simulated a scenario where N is assumed to be 1 5 0 greatest in rural populations (maximum N = 1000) and, for simplicity, declines linearly with 1 5 1 increasing urbanization (figure S8a). We simulated multiple minimum urban population sizes 1 5 2 (minimum N = 10; 100; 500; 1000), which represented strong to no gradients in drift, 1 5 3 respectively. All populations were started at their individual K, and they were kept at this size 1 5 4 throughout the simulations. These simulations were run for 500 non-overlapping generations. We did not include gene flow in these initial simulations as we sought to explore the formation 1 5 6 of clines due to drift alone, independent of other evolutionary mechanisms. To examine the effects of gene flow on the formation of spatial clines in HCN formed by 1 5 8 genetic drift, we performed additional simulations under varying levels of gene flow. To provide 1 5 9 the greatest sense of the effects of gene flow, we restricted our simulations to the case of a strong 0.01, and 0.05, representing no, low, and high gene flow, respectively, and corresponding to 1 6 8 levels of gene flow that resulted in substantial decreases in the strength of clines in the drift 1 6 9 scenario described here. Specific details on how we modelled gene flow are described in the 1 7 0 online supplementary materials (text S4). Question 2: How does selection affect the occurrence and strength of spatial clines in HCN?
We used two-locus selection models to explore the effects of selection in generating and 1 7 4 maintaining cyanogenesis clines [25] . Selection favoured either cyanogenic (i.e. HCN+) or 1 7 5 acyanogenic (i.e. HCN-) genotypes, depending on the population's position in the landscape. In an urbanization gradient until HCN-genotypes were favoured in the urban core, consistent with 1 7 8 the phenotypic clines reported by Thompson et al. ([23] ) and Johnson et al (this issue, [26] ). For 1 7 9 each simulation, we defined a maximum strength of selection that favoured HCN+ genotypes in 1 8 0 the rural-most population and HCN-genotypes in the urban-most population. The selection 1 8 1 coefficient varied linearly across the matrix such that HCN+ and HCN-genotypes had equal 1 8 2 fitness in the central population of the landscape (i.e. population 20, figure S9 ). We simulated 10 1 8 3 different maximum selection coefficients (s = 0; 0.001; 0.0025; 0.005; 0.0075; 0.01; 0.025; 0.05; in fitness of HCN+ genotypes in the urban-most population and a 5% increase in fitness of 1 8 7 HCN+ genotypes in the rural-most population. These simulations did not include gradients in the 1 8 8 strength of genetic drift; rather, all populations in the landscape started-and remained-at N = 1 8 9 1000. However, for each selection coefficient above, we simulated three levels of gene flow: m = 1 9 0 0, 0.01, and 0.05, representing no, low, and high gene flow, respectively. Thus, these simulations 1 9 1 explored the combined effects of selection and gene flow on the formation of clines in HCN in 1 9 2 the absence of drift. When selection acts on two or more loci, linkage disequilibrium (LD) may evolve as 1 9 4 genotypes with particular allele combinations are favored, resulting in gamete frequencies that 1 9 5 differ from their expectation based on allele frequencies [25] . However, given that the 1 9 6 CYP79D15 and Li loci are physically unlinked [27] , theory predicts that free recombination 1 9 7 (recombination fraction = 0.5) between these loci would limit the accumulation of significant regimes acting for or against cyanogenic genotypes confirmed that even strong selection (s = 0.1) 2 0 0 results in little accumulation of LD between loci underlying cyanogenesis (text S5, figure S10). We therefore ignored the effects of LD in our simulations and gamete frequencies each We sought to understand the combined effects of drift, gene flow and selection on the formation 2 0 8 of clines in HCN, and specifically the extent to which selection can counter the formation of 2 0 9 clines under drift. We first imposed a gradient in the strength of drift as described above (see 2 1 0 "Question 1"), but with the gradient running in the opposite direction: the urban-most population 2 1 1 was maintained at a size of N = 1000 while the rural-most population was maintained at N = 10. Again, we focus on drift scenario 1 because the results from drift scenario 2 were qualitatively 2 1 3 similar and are presented in the online supplementary materials (methods: text S1b; results: text 2 1 4 S2b, figure S5 ). Selection favoured HCN+ genotypes in rural populations and HCN-genotypes 2 1 5 in urban populations, as described above. As such, the stochastic loss of dominant alleles in 2 1 6 smaller rural populations is countered by their higher fitness. We additionally included three We performed 1000 iterations for each of the simulated scenarios listed in table S2. For each 2 2 4 iteration, we ran a linear regression using within-population HCN frequency as the response 2 2 5 variable and distance from the urban-most population (i.e. patch 40) as the predictor. For 2 2 6 simulations involving complete colonization of the landscape (i.e. drift scenario 1 above), this 2 2 7 1 1 regression was performed using HCN frequencies at generation 250, consistent with the age of 2 2 8 many large north American cities. Note however that our results are not contingent on the 2 2 9 generation chosen for analysis as any generation following the initial formation of a cline until 2 3 0 generation 500 produced qualitatively similar results (text S6, figure S11). For simulations 2 3 1 involving serial founder events (i.e. drift scenario 2), we ran this regression in the first generation 2 3 2 after the entire landscape became filled with populations, though as before running the regression 2 3 3 in other generations yielded similar results. In both cases, each regression can have one of three In the absence of selection and gene flow, a gradient in carrying capacity from rural (large N) to reduced the effects of selection, leading to weaker clines for a given selection coefficient (figure 2 7 5 3a). Importantly, clines formed by selection (figure 3a) are consistently stronger than even the 2 7 6 maximum strength of clines formed by drift, regardless of whether drift is manipulated by 2 7 7 varying the maximum population size (figure 2a) or through serial founder effects (figure S3a). In the presence of an opposing gradient in drift, selection generated fewer and weaker 2 8 2 clines for all but the strongest selection coefficients. In the absence of gene flow, the mean slope Our simulations sought to understand the relative contributions of genetic drift, gene flow and 2 9 4 selection for the evolution of parallel clines in hydrogen cyanide (HCN) along urbanization 2 9 5 gradients. Several key results are most important in answering our research questions. We found 2 9 6 that drift overwhelmingly led to the formation of positive clines in HCN, and stronger gradients 2 9 7 in drift generated stronger clines, but these effects decreased with increasing gene flow (Question 2 9 8 1 4 1). Clines formed by drift alone were substantially weaker than those generated by selection, 2 9 9
suggesting an upper limit to the strength of phenotypic clines in non-additive traits due to drift 3 0 0 (Question 2). Finally, when selection operated counter to the prevailing gradient in drift, stronger 3 0 1 selection was required to generate clines as strong as those observed in the absence of drift 3 0 2 (Question 3). We begin by discussing the relevance of our results for the evolution of clines in 3 0 3 cyanogenesis for white clover along urbanization gradients and other environmental gradients. We then suggest that urban environments-in combination with knowledge of the genetic 3 0 5 architecture of focal traits-can provide the replication necessary for understanding the 3 0 6 contributions of drift, gene flow and selection to the evolution of clines in non-additive traits. We into the evolutionary mechanisms structuring patterns of genetic variation in natural populations. European Alps [32] . Subsequent work has shown that clines in the frequency of HCN are 3 1 6 common, with higher frequencies of HCN occurring in warmer and drier habitats [33] [34] [35] [36] [37] . These herbivore damage is greater [36, 38] , the benefits of producing cyanogenic glycosides in regions subject to moderate drought stress [36, 37] , and the cost of producing HCN in frost-prone habitats 3 2 0 [36, 39] . Consistent with this latter view, urban-rural clines in HCN appear to be driven by lower (but see [26, 35] ), despite the genetic architecture of HCN making populations particularly The presence of repeated correlations between environmental variables and phenotype 3 2 7 frequencies is often considered strong evidence for the role of natural selection in generating adaptation. However, clines may also form via neutral processes [7, 8] and this may be Clines have traditionally been studied along latitudinal [31, 40, 41] geographical transects can also be associated with variation in demographic factors important for 3 7 0 determining the extent to which drift will act in populations. This may be especially true during relative to more central populations [24, 43] . Such spatial variation in demography may provide The ability for gradients in the strength of genetic drift to generate clines in phenotypic traits proportion to the initial allele frequencies. In such cases, there will typically be an equal and Li) occurred with equal frequency resulting in a mean slope of zero across 1000 simulations 4 1 7
( figure 2b, figure S12 ). By contrast, clines in HCN were overwhelmingly positive because the While genetic drift is sufficient to generate clines in non-additive traits, it is insufficient 4 2 4 on its own to maintain them. At equilibrium, genetic drift is expected to fix different alleles in as in the absence of migration, clines formed by drift became gradually weaker over time (text 4 2 7 S6, figure S11). However, small amounts of gene flow, which averages allele frequencies among 4 2 8 neighboring populations and slows the loss or fixation of alleles [48] can allow for more long-1 empirical work exploring changes in the frequency of non-additive phenotypes-whether due to 4 5 9 epistasis or dominance at individual loci-is required to generate predictions and assess the 4 6 0 generality of this phenomenon in natural populations. We have shown that gradients in the strength of drift can lead to repeated spatial clines in the multiple genes or metabolic pathways. Rejecting drift as a mechanism producing clines in non- across the genome despite the presence of clines in the focal trait is strong evidence that adaptive 4 7 0 processes are at work as drift is expected to affect all loci. Second, showing that more clines or 4 7 1 stronger clines are observed in nature than would be expected under drift suggests that non-4 7 2 neutral mechanisms are responsible for generating clines. A disadvantage of this approach is that 4 7 3 it does not inform the mechanism structuring any one cline but rather rejects drift as a Rivkin, A. Schneider and two anonymous reviewers for providing helpful comments that 5 0 6 improved the manuscript. HPCNODE1 and Brian Novogradac provided the computational 5 0 7 resources necessary to run the simulations. thermal limits and sub-lethal performance in acorn ants-a test across multiple cities. (table  inset) . By contrast, a decrease in the frequency of the dominant allele at either locus typically results in a rapid decrease in the frequency of HCN. Thus, the loss of dominant alleles in this system has a greater effect at reducing HCN frequencies than gains in dominant alleles have at increasing HCN frequencies. This makes the loss of HCN from populations more likely solely due to drift. 
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